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a b s t r a c t
Adolescents engage in more risky behavior than children or adults. The most prominent
hypothesis for this phenomenon is that brain systems governing reward sensitivity and
brain systems governing self-regulationmature at different rates. Those systems governing
reward sensitivity mature in advance of those governing self-control. This hypothesis has
substantial empirical support, however, theevidence supporting this theoryhasbeenexclu-
sively derived from contexts where self-control systems are required to regulate reward
sensitivity in order to promote adaptive behavior. In adults, reward promotes a shift to a
proactive control strategy and better cognitive control performance. It is unclear whether
children and adolescents will respond to reward in the same way. Using fMRI methodol-
ogy, we exploredwhether children and adolescents would demonstrate a shift to proactive
control in the context of reward. We tested 22 children, 20 adolescents, and 23 adults. In
contrast to our hypothesis, children, adolescents, and adults all demonstrated a shift to
proactive cognitive control in the context of reward. In light of the results, current neu-
robiological theories of adolescent behavior need to be reﬁned to reﬂect that in certain
contexts there is continuity in the manner reward and cognitive control systems interact
across development.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
Y-NC-NB
1. Introduction
Adolescents engage in more risky behaviors than chil-
dren or adults (Steinberg, 2010). For example, seventy-two
percent of adolescent mortality is the result of preventable
causes, such as accidents, suicide, and homicide (Eaton
et al., 2008). Because these risk-taking behaviors are a
public health concern, identiﬁcation of the neurodevelop-
mental changes underlying themmay lead to new insights
for effective preventative interventions.
One hypothesis about why adolescents engage in risky
behavior is that youth experience a mismatch in the
∗ Corresponding author. Tel.: +1 416 535 8501x39400.
E-mail address: nicolestrang@gmail.com (N.M. Strang).
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(http://creativecommons.org/licenses/by-nc-nd/3.0/).D license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
maturation rate of relevant brain systems. Consistent with
this view, there is evidence that brain systems involved
in reward sensitivity – which might draw adolescence
towards certain features in the environment – mature in
advance of brain systems involved in cognitive control
– which might help adolescents regulate their behavior.
This maturational asynchrony may contribute to risk-
taking because adolescents may be overly compelled by
some features of the environment without the appropriate
checks-and-balances afforded by control or regulatory cir-
cuitry (Somerville et al., 2010; Steinberg, 2010). However,
we know relatively little about the ways that these reward
and control systemsmight interact. This is becausemost of
the existing research in this area has been focused upon sit-
uations in which cognitive control systems must regulate
or constrain reward sensitivity systems. In contrast, less
is an open access article under the CC BY-NC-ND license
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s understood about situations where reward sensitivity
romotes cognitive control.
The present experiment was designed to begin to
ddress this issue.
One test of how the cognitive control system regulates
he reward system is the Iowa Gambling Task (Bechara
t al., 1994). In this paradigm, participants must learn to
void a deck of cards with high potential reward because
t is also associated with high potential loss. To do this,
he participant must exert cognitive control to suppress
he impulse, driven by reward motivation, to choose the
igh-risk deck. Avoiding these high-risk situations allows
articipants to ultimately earn the most money over
he course of the experiment, which in the context of
his paradigm is adaptive behavioral performance. Unlike
dults, in this context, adolescents typically choose the
igh reward/high risk deck more frequently than adults
Cauffman et al., 2010). Developmental changes in per-
ormance on the Iowa Gambling Task have also recently
een examined using fMRI, and it has been found the
refrontal cortex (PFC), a central node of the cognitive con-
rol network, is increasingly engaged with age (Christakou
t al., 2013). These ﬁndings suggest that inhibition of
eward sensitivity through cognitive control is a mech-
nism underlying adaptive behavior. Yet there are also
ituations where adaptive behavior requires the opposite
attern, where it is reward systems that serve to promote
ognitive control. As a case in point, individuals often per-
orm better across a variety of challenging tasks when
ffered rewards (Geier et al., 2010; Jimura et al., 2010;
ocke and Braver, 2008). Indeed, there is evidence that
eward leads to improvements in cognitive control perfor-
ance through a shift in cognitive control strategy (Braver,
012). In sum, there appear to be many ways in which
eward and cognitive control systems become integrated
ver development. Understanding imbalances in the inter-
ction of these systems may shed light on some of the
aladaptive behaviors, such as risk-taking, often observed
n adolescents.
.1. Reward, cognitive control, and development
A great deal has been learned about the neural mecha-
isms that support cognitive control in adults. Cognitive
ontrol is facilitated by a distributed network of brain
egions, localized mainly in lateral prefrontal, parietal, and
nterior cingulate cortices (Owen et al., 2005; Wager and
mith, 2003). Current theories suggest that cognitive ﬂexi-
ility is enabled by dual-modes of cognitive control (Braver
nd Barch, 2002). Adults are able to activate either proac-
ive or reactivemodes of cognitive control. In the proactive
ode, information that is important to an individual’s
bjective is maintained in the time period before self-
ontrol is required. For example, awareness that one needs
o drive home at the end of the evening would lead an
ndividual to anticipate being offered the next alcoholic
rink and prepare a response to decline it. Reactive cog-
itive control reﬂects operations invoked subsequent to a
timulus. In keeping with the example above, after being
ffered another alcoholic drink, an individual would con-
ider his/her situation and responsibility and then declineitive Neuroscience 10 (2014) 34–43 35
the offer. In the laboratory setting the AX-Continuous Per-
formance Task (AX-CPT) has frequently been used to study
proactive and reactive control. In this task participants are
presented with a letter that serves as the cue (A or B)
followed by a letter that serves as the probe (X or Y). Partic-
ipants are instructed to press a button under his/her index
ﬁnger when the letter “A” is followed by the letter “X”, and
to press the button under his/her index ﬁnger for all let-
ter combinations. When participants engage in proactive
strategy they primarily attend to the cue and in contrast
if they employ a reactive strategy they primarily attend
to the probe (Braver et al., 2009). Using this task, it has
been demonstrated that reward motivation such as ﬁnan-
cial reward for good performance, leads adults to engage a
proactive strategy of cognitive control which is also asso-
ciated with better behavioral performance (Jimura et al.,
2010; Locke and Braver, 2008).
Oneway that researchers havemeasuredwhether indi-
viduals implement proactive or reactive cognitive control
strategies is through mixed block/event-related designs in
functional magnetic resonance imaging (fMRI) (Visscher
et al., 2003).With this type of design, the participant is pre-
sented with a series of trials separated by large periods of
rest. This allows investigators to determine whether brain
regions remain active across the group of trials (sustained
activation) or whether the brain regions are engaged and
disengaged with the presentation and termination of each
individual trial (transient activation). Sustained brain acti-
vation is hypothesized to index proactive cognitive control
as the brain regions are engaged across a block of trials
independent of the stimulus presentation (Jimura et al.,
2010). Additionally, sustained activation of the fronto-
parietal network is associated with behavioral indices of
proactive cognitive control (Locke andBraver, 2008; Jimura
et al., 2010), and the fronto-parietal network has been
consistently implicated in cognitive control (Owen, 2005;
Dosenbach et al., 2008).
There are age-related changes in cognitive control
and reward sensitivity across adolescence (Luna et al.,
2010), though ﬁndings about the neural correlates of these
changes are unclear. In terms of the cognitive control sys-
tem, and whether there is greater or lesser activity in
these regions across development, it appears to depend in
part on the task and analysis. It has been demonstrated
on a task of inhibitory control that trial-related activity
decreases with age, while sustained activity increases with
age (Velanova et al., 2009). Still other studies suggest differ-
ent brain regions are engaged across development (Bunge
et al., 2002). Despite the inconsistency in directionality,
it does appear that cognitive control circuitry is engaged
differentially across development, and that maturation of
this circuitry is related to behavioral differences (Crone and
Dahl, 2012).
A number of studies have found adolescents, relative
to adults, show heightened neural responses to reward
(Christakou et al., 2011; Ernst et al., 2005; Galvan et al.,
2006; Geier et al., 2010; Padmanabhan et al., 2011; Smith
et al., 2011). Some studies have found an underactivation
of reward circuitry in adolescents relative to adults (Bjork
et al., 2004; Bjork et al., 2011), however they seem to be the
exception. Generally, it is accepted that adolescents exhibit
tal Cogn36 N.M. Strang, S.D. Pollak / Developmen
a heighted sensitivity to reward (Crone and Dahl, 2012).
This combination of rapidly maturing reward sensitivity
and immature cognitive control abilities is hypothesized
to promote the peak in risk-taking observed during ado-
lescence (Steinberg, 2010). Themajority of related research
to date has focused on contexts where heightened reward
sensitivity and immature cognitive control would be likely
to promotemaladaptive behavior. These contexts include a
series of gambling and decision-making tasks (Chein et al.,
2011). In these contexts, cognitive control must be used to
regulate reward sensitivity in order to promote adaptive
behavior.
In contrast, a handful of studies have begun to address
the question as to whether the manner that reward inﬂu-
ences cognitive control changes across development (Geier
et al., 2010; Padmanabhan et al., 2011). These investi-
gations examined both behavior and event-related brain
activity. In contrast to the investigations on reward and
decision-making (Chein et al., 2011; van Leijenhorst et al.,
2010), Geier et al. (2010) and Padmanabhan et al. (2011)
found that across development, reward improves cognitive
control. In these investigations participants preformed a
cognitive control taskwith andwithout amonetary reward
for goodperformance. Children and adolescentsweremore
accurate on trials where they were rewarded, and all three
age groups (children, adolescents, adults) responded more
quickly on reward trials (Geier et al., 2010; Padmanabhan
et al., 2011). Although, all age groups showed similar
behavioral improvements in cognitive control, in the con-
text of reward, these studies also identiﬁed differences in
neural engagement. These are very important studies as
they provide evidence that reward can lead to improve-
ments in cognitive control, even while the brain is still
developing. These studies also suggest that the neural
mechanisms responsible for the behavioral improvement
associated with reward may change across development.
A limitation of this body of work is that only transient
(or event-related) brain activity was measured and conse-
quently we are unable to determine whether children and
adolescents, like adults, increase proactive control in the
context of reward.
1.2. Present investigation
The present study was designed to investigate whether
reward promotes improvements in cognitive control for
children and adolescents. We also examined whether
reward led children and adolescents to shift their cog-
nitive control strategies in a manner similar to adults. If
children and adolescents respond to reward in the same
way as adults, it would suggest that some aspects of the
integration between reward sensitivity and cognitive con-
trol systems is present as early as childhood. Further, it
would suggest that the maladaptive behavior that is often
observed in adolescents could not simply be attributed to
a general lack of integration between reward and cognitive
control systems.To address these questions, we used a mixed
block/event-related fMRI design to examine whether
children and adolescents demonstrate an increase in
proactive cognitive control in the context of reward. Weitive Neuroscience 10 (2014) 34–43
indexed proactive cognitive control through the magni-
tude of sustained activation during task blocks, and we
expected greater sustained activation in reward blocks
as compared to neutral blocks. Three samples of partici-
pants – children, adolescents and adults – completed an
AX-CPT cognitive control task under neutral and reward
conditions. The experimental paradigm was designed to
allow us to estimate sustained brain activity (our index of
proactive cognitive control) while controlling for event-
related (transient) ﬂuctuations. We hypothesized that,
as compared to adults, adolescents would demonstrate
less of an increase in proactive cognitive control in the
context of reward.We tested this hypothesis by evaluating
the magnitude of change in sustained brain activity from
neutral to reward blocks. This approach is consistent
with previous investigations which have found that the
magnitude of sustained brain activity reﬂects an index
of proactive cognitive control in adults (Andrews-Hanna
et al., 2011; Velanova et al., 2009). We also tested a group
of young children to help clarify whether differences
between adolescents and adults reﬂects (a) immature
cognitive control circuitry in adolescents or (b) an imbal-
ance in maturity between reward and cognitive control
abilities. If children and adolescents perform similarly,
this would be consistent with the view that reward and
cognitive control systems become increasingly integrated
over the course of development. However, if younger
children and adults demonstrate an increase in proac-
tive cognitive control, not observed in adolescents, this
would suggest that the ability to shift cognitive control
strategies within the context of reward is impaired during
adolescence.
2. Materials and method
2.1. Participants
Participants in this investigation were 23 adults (M=27
years, 2 months, SD=18 months, range=25–30 years) 20
adolescents (M=15 years, 1 month, SD=8 months, range
14–16 years) and 22 children (M=10 years, 5 months,
SD=9 months, range 9–11 years). An additional 6 ado-
lescents and 6 children participated in the investigation.
The adolescents were excluded because of a problem with
the stimulus presentation software, and the children were
excludedbecauseof excessivemotion. All participants gave
informed consent (parental consent and minor assent for
adolescents and children) for a protocol approved by the
Health Sciences Institutional Review Board of University of
Wisconsin-Madison. Compensation was provided for par-
ticipation, in terms of base amounts for the fMRI session
$80, plus an additional bonus of $30 from the monetary
incentives provided at the end of the session. All par-
ticipants received the same amount of incentive bonus
($30).
2.2. Experimental taskThe impact of reward on cognitive control was assessed
at both the behavioral and neural level. Participants were
asked to complete a variant of the continuous performance
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big. 1. Schematic depiction of an fMRI run. Each run contained two blocks
ach run. All blocks contained 10 trials and lasted 60 s. Blocks were separa
f ﬁxation that lasted 24 s.
est (CPT), the AX-CPT (Rosvold et al., 1956)while undergo-
ng fMRI under blocked reward-incentive and no-incentive
neutral) conditions.
Participants completed 3 runs of the task, which each
asted 5min and 30 s. Within each run there were 4 blocks
f trials, which lasted 1min, and were separated from
djacent blocks by a period of ﬁxation. Each block was
xclusively comprised of reward or neutral trials (Fig. 1).
There were 10 trials within each block. The sequence of
vents for reward and neutral trials is presented in Fig. 2.
uring reward trials participants sawadollar sign followed
y the contextual cue (the letter “A” or “B”) a delay period,
nd then the probe (the letter “X” or “Y”). Participantswere
nstructed to press the button under their index ﬁnger
hen they saw an “A” followed by an “X”, and to press the
utton under their middle ﬁnger for all other letter combi-
ations. When participants responded correctly and prior
o the time limit, the trial was successful and participants
aw a green dollar sign. For neutral trials the events were
dentical, exceptparticipants sawapoundsignat thebegin-
ing of each trial and saw the word “correct” if the trial
as successful. For both conditions participants received
o feedback if they responded incorrectly or subsequent to
he time limit.
$ #
+
A
+
X
+
Correct$
Reward cue (900 ms)
Contextual cue (300 ms)
Probe (300 ms)
Feedback (900 ms)
Time
Fixation 1 (M=520, 0-2100 ms)
Fixation 2 (M=1065, 600-3800 ms)
Delay (1000 ms)
+ Fixation 3 (M=1022.5, 500-3800 ms)
ig. 2. Depiction of events in the AX-CPT task.Within reward blocks, each
rial was preceded by a dollar sign. In neutral blocks each trial was pre-
eded by the pound sign. All trials consisted of a contextual cue, a probe,
nd feedback on accuracy and performance. Feedback for correct trials
as a green dollar sign in reward blocks, and theword “Correct” in neutral
locks.
erd trials and 2 blocks of neutral trials. The order of blocks was different in
iods of ﬁxation that lasted 16 s. Additionally the task began with a period
For all trials, participants were instructed to respond as
quickly and accurately as possible. Target trials (AX) were
the most prevalent (70%) and all other trial types (AY, BX,
BY) had an equally low frequency (10% each). The pre-
speciﬁed reaction time cutoff was used for all trials and
was set individually for each participant. Thiswas based on
eachparticipant’s performanceduringa5min longpractice
session that was completed prior to the scanning session.
The cutoff was the 30th percentile (ordered from fastest
to slowest) of correct response times (RTs) in the practice
session. The performance criterion was chosen to avoid
ceiling effects, and has been used previously in a simi-
lar experiment (Jimura et al., 2010). Prior to the scanning
session, participants were informed that depending on the
numberof greendollar signs they receivedacross the entire
experiment they could earn up to an additional $30, but it
was important that they tried their best on both reward
and neutral trials.
In order to permit independent estimation tran-
sient activation (trial-related activity), the duration of the
periods of ﬁxationwere jittered, and the order of trial types
varied across blocks. Random durations of ﬁxation, and
order of events were created using Make Random Timing
(http://afni.nimh.nih.gov/pub/dist/doc/program help/mak
random timing.py.html) and the efﬁciency of the design
was assessed using 3dDeconvolve. One hundred different
possible stimulus presentations were generated, and the
most efﬁcient design was chosen. Within each block there
were 34 s of stimulus presentation, and 26 s of ﬁxation.
Stimuli were presented using E-Prime software (Psy-
chology Software Tools, Pittsburgh, PA) via a ﬁber optic
goggle system (Avotec, Stuart, FL) with a screen resolution
of 800×600 pixels.
2.3. Image acquisition
Images were collected on a General Electric 3 Tesla
scanner (GE Medical Systems, Waukesha, WI) equipped
with a standard whole-head transmit-receive 8 chan-
nel head coil. Functional images were collected using a
T2*-weighted gradient-echo, echo planar imaging (EPI)
pulse sequence [42 sagittal slices, 3.5mm thickness;
64×64 matrix; 224mm (FOV); repetition time (TR)/echo
time (TE)/Flip, 2000ms/25ms/60◦, 165 whole-brain vol-
umes per run]. A high-resolution T1-weighted anatomical
image was also acquired (T1-weighted inversion recovery
tal Cogn38 N.M. Strang, S.D. Pollak / Developmen
fast-gradient echo; 256×256 in-plane resolution; 256mm
FOV; 256mm×1mm axial slices).
2.4. Image analysis
Individual participant data was slice-time, and motion
corrected using AFNI (Cox, 1996). In order to evaluate
participants’ movement objectively, in-house developed
software was used to identify frames where a point cho-
sen relative to the center of rotation was displaced more
than 2mm. A priori, it was decided that any participants
who had more than 25% of frames excluded within any
run would be excluded from further analyses. Based on
this criterion, 6 children were excluded, as noted above. Of
the remaining participants, 8 children (M=8.5/495 frames,
SD=6.7), and 5 adolescents (M=5.8/495 frames, SD=3.4)
had frames censored.
An omnibus GLM was conducted for each participant
using regressors to estimate both sustained and event-
related effects. Regressors to estimate sustained effects
consisted of two boxcar functions convolved with an
ideal hemodynamic response (one for Reward blocks,
and one for Neutral blocks), which had the duration of
the block (60 s). Transient task-related effects were esti-
mated with 5 boxcar regressors convolved with an ideal
hemodynamic response. Trials with an “A” cue, and a “B”
cue were modeled separately for both the reward and
neutral conditions. The events were time-locked to the
onset of the contextual cue and had a duration of 1.6 s,
which included the delay period and probe. Incorrect tri-
als were modeled separately. In addition to the regressors
that were included to model effects of interest, we also
included a second order polynomial to model the base-
line and slow signal drift. To model possible variance due
to motion, we included six predictors (3 translation, 3
rotation) based upon estimated motion (Johnstone et al.,
2006).
The parameter estimates, obtained from the GLM, were
converted to percent signal change values, normalized to
the MNI152 standard brain space using the AFNI program
@auto tlrc, and smoothed using a 6mm full-width at
half-maximum Gaussian ﬁlter. It has been demonstrated
that despite anatomical differences related to develop-
ment, normalization done in this way results in brain
morphology that does not differ between children and
adults (Burgund et al., 2006).
To determine whether the brain regions involved in
cognitive control demonstrated an increase in sustained
activation in the context of reward and whether this effect
differed across age groups,we focused our analyses on the
brain regions involved in cognitive control. To do this, we
used a mask of brain regions involved in cognitive control
derived frommeta-analyses (Owen et al., 2005;Wager and
Smith, 2003). This mask has been used in previous investi-
gations of reward and cognitive control (Locke and Braver,
2008) and consists of frontal and parietal regions. Mean
parameter estimates were extracted using the mask, and
additional analyses were conducted using SPSS 19 (SPSS,
Chicago, IL) to identify age, condition, and age× condition
effects.itive Neuroscience 10 (2014) 34–43
3. Results
3.1. Impact of reward on cognitive control
We ﬁrst tested whether all age groups would demon-
strate better behavioral performance in the context
of reward. In order to minimize performance differ-
ences, which may cause differences in brain activation,
task difﬁculty was titrated to be consistent with a
participant’s ability. Accuracy was very high for both
conditions (Fig. 3), and not affected by the presence of
reward, F(1,62) = .002, p=ns. Although younger partici-
pants performed slightly worse than older participants,
F(2,62) =8.95, p< 001, there was no interaction between
reward context and age, F(2,62) = .088, p=ns. While accu-
racy did not differ between the conditions, reaction
time did. Participants responded more quickly dur-
ing reward trials (M=404.95, SE=12.62) as compared
to neutral trials (M=426.13, SE=13.38) F(1,62) =31.91,
p< 001. There was no effect of age F(2,62) =2.17,
p=ns. There was, however, an interaction between age
and condition F(2,62) =3.74, p= 029. All participants
responded more quickly on reward trials. Follow up
t-tests revealed that the difference in reaction time
between reward and neutral trials was larger for children
(M=34.88, SD=43.14) than it was for adults (M=10.83,
SD=18.95), t(43) =2.44, p= .19. There was no difference
between children and adolescents (M=17.83, SD=43.14),
t(41) =1.12, p= .27, or adolescents and adults t(40) =1.58,
p= .12.
Adults, adolescents, and children demonstrated a sim-
ilar improvement in cognitive control in the context of
reward. The bestmeasure of cognitive control performance
within this task is the percentage of successful trials. In
order for a trial to be considered successful, a partici-
pant had to both respond quickly (prior to the time limit)
and accurately. Participants were successful on a higher
percentage of trials in the Reward Condition (M=76.8,
SD=15.32) as compared to the Neutral Condition (M=72,
SD=16.12). There was no effect of age, F(1,62) =1.36,
p=ns., nor an interaction between age and reward context,
F(2,62) = .215, p=ns., on the percentage of trials that were
successful (Fig. 4).
3.2. Proactive cognitive control and reward
Previous research has indicated that adults exhibit bet-
ter cognitive control performancewhen they are rewarded
for good performance. This research also indicates that
improvement in cognitive control is facilitated by a shift
to proactive cognitive control (Locke and Braver, 2008).
To determine whether children and adolescents demon-
strated this increase in proactive control that has been
observed in adults, we examined sustained brain activa-
tionwithin the cognitive control network using a Region of
Interest (ROI) approach for each of the three age groups.
The parameter estimates for the block-related activity
were extracted for Reward and Neutral blocks. Repeated-
measures ANOVAs were conducted for each cluster with
condition (Neutral, Reward) as awithin-subjects factor and
Age (Children, Adolescents, Adults) as a between-subjects
N.M. Strang, S.D. Pollak / Developmental Cognitive Neuroscience 10 (2014) 34–43 39
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Fig. 3. Accuracy by condition (Neutral, Reward) and age group (Children, Adolescents, Adults). There were no differences between conditions, but children
were less accurate than adults. The black vertical bars represent the standard error of the mean.
Table 1
Regions of interest from the from the cognitive control network which demonstrated an effect of Condition (Reward, Neutral), Group (Adult, Adolescent,
Child), and/or Group by Condition. All condition effects were driven by an increase in the magnitude of the sustained activation in the Reward Condition
relative to the Neutral Condition.
Brain regions MNI coordinates Condition Group Group×Condition
x y z p 2p p 
2
p p 
2
p
Cerebellum 28 −58 26 .994 .007 .148 .443
R. Inferior Parietal 34 −49 39 .000 .211 .679 .398
L. Inferior Frontal G. −36 39 13 .006 .115 .739 .954
R. Inferior Frontal G. 40 32 28 .000 .221 .927 .934
L. Parietal −36 −49 40 .012 .098 .955 .784
R. Precentral G. 28 2 50 .005 .118 .848 .827
L. Precentral G. −44 9 29 .008 .107 .520 .368
L. Precuneus −12 −66 46 .013 .095 .218 .258
R. Inferior Frontal G. 44 3 26 .003 .136 .806 .457
Cerebellum −26 −66 −39 .029 .074 .037 .101 .602
R. Anterior Insula 34 31 −5 .001 .162 .259 .896
R. Cuneus 4 −81 11 .046 .063 .824 .747
R. Precuneus 12 −60 47 .010
R. Inferior Frontal G. 36 47 14 .003
R. Thalamus 10 −13 4 .002
Fig. 4. Percent of successful trials in the Neutral (where participants saw
“Correct”) and Reward (where participants saw “$”) conditions. In order
for a trial to be successful a participant needed to respond correctly and
prior to the time limit. All participants had more successful trials during
the reward condition. The black vertical bars represent the standard error
of the mean..101 .811 .079 .078
.132 .253 .801
.140 .438 .447
factor. Table 1 provides a summary of all ROIs in which
we observed a main effect of reward context in sustained
brain activation. During reward blocks, participants exhib-
ited increased activation in frontal and parietal regions
relative to neutral blocks (Fig. 5). Consistent with previous
reports, the right lateral PFC was a region that was more
active in the reward condition (Locke and Braver, 2008).
This pattern was consistent across children, adolescents,
and adults.
Engagement of these brain regions, and the manner
that engagement of these regions was modulated by the
reward context, was remarkably similar across age groups.
Of the 21 ROIs, effects of age were identiﬁed in only two
regions of the cerebellum. There was a trend in the right
precuneus for an interaction between age and reward,
F(2,62) =2.64, p= .79. Follow up t-tests revealed that this
region was more active in the Reward Condition for chil-
dren, t(21) =2.84, p= .01 and adults t(22) =2.40, p= .02. Of
note, adolescents did not demonstrate any difference in
40 N.M. Strang, S.D. Pollak / Developmental Cognitive Neuroscience 10 (2014) 34–43
Fig. 5. Brain regions that demonstrated an increase in sustained activity from Neutral to Reward blocks. All voxels are signiﬁcant at p< .005. Within the
circled region, the percent signal change was extracted from a sphere, with a radius of 6mm, centred over the peak of the activation. The bar graphs
resent trepresent the mean percent signal change, and the black vertical bars rep
activity within this region between the two conditions,
t(20) = .117, p> .05 (Fig. 6).
4. Discussion
The current study was designed to investigate whether
childrenandadolescentsdemonstrate an increase inproac-
tive control in the context of reward. We tested this
hypothesis by evaluating the magnitude of change in sus-
tained brain activity, within the cognitive control network,
from blocks of neutral trials to blocks of rewarded trials. To
examine possible developmental changes in this process,
we contrasted sustained brain activation among children,
adolescents, and adults. We found remarkable consistency
in the pattern of results across these age groups. Our exper-
imental design titrated the difﬁculty of the task based
on participants’ abilities, therefore, the similar patterns
of sustained brain activation within the cognitive control
network cannot be an artifact of age-related performance
issues. There was one area where adolescents differed
from both children and adults: children and adults demon-
strated an increase in sustained activation within the right
precuneus, but adolescents did not.Taken together, these results demonstrate that, as early
as childhood, individualsdemonstrate an increase inproac-
tive control in the context of reward. These data do
not suggest an imbalance in the maturity of reward andhe standard error of the mean.
cognitive control systems during adolescence. Indeed, ado-
lescents utilized systems to facilitate proactive cognitive
control in a manner very similar to adults.
4.1. Developmental differences in brain activation
We observed only one difference among the adoles-
cents. Unlike children and adults, adolescents may not
have had an increase in sustained activation within right
precuneus in the context of reward. The meaning, signif-
icance, and effect size of this difference requires further
investigation. The precuneus is a region that has been
implicated in age-related changes in cognitive control (see
Crone and Dahl, 2012 for a review). This difference could
reﬂect changes in the integration of reward and cognitive
control systems during adolescence. At the same time, it is
noteworthy that there is a great deal of continuity in these
systems across development.
The pattern of results we observed replicates previous
ﬁndings in adults (Locke and Braver, 2008), and extends
them to both children and adolescents. However, our
paradigm differs slightly from that of Locke and Braver
(2008). That 2008 experiment was focused on the impact
of motivation on cognitive control. For this reason, a dif-
ferent time limit was used for reward and neutral trials.
In contrast, we speciﬁcally sought to examine the impact
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s the area where there was a trend for an interaction between age and
ircled cluster. The black vertical bars represent the standard error of the
f reward on cognitive control, and therefore kept the task
emands similar across conditions.
.2. Reward facilitated cognitive control across
evelopment
This investigation adds to an emerging body of litera-
ure demonstrating that reward promotes improvements
n cognitive control across development (Geier et al., 2010;
admanabhan et al., 2011; Smith et al., 2011). Across a
ariety of cognitive control tasks (anti-saccade, sustained
ttention) participants varying in age from young chil-
ren to older adults all perform better (fewer errors and
ore rapid responses) when a monetary reward is pro-
ided for good performance. These studies have catalogued
number of differences in the brain regions engaged across
evelopment, however the behavioral signiﬁcance of these
ifferences remains unclear.
Given the widely held view that adolescents have a
aturational lag in their cognitive control abilities, it is
oteworthy that we did not ﬁnd age-related differences
n the shift to proactive control. Children, adolescents and
dults all demonstrated an increase in sustained activ-
ty within the majority of the cognitive control network.
ven the magnitude of this response was similar across
ge groups. This is the ﬁrst reported study, that we are
ware of, to demonstrate that the neural mechanisms that
upport reward-related improvements in cognitive controlo Reward blocks, and all voxels are signiﬁcant at p< .005. The circle region
n. The bar graph is the mean percent signal change extracted from the
are in place and functional as early as childhood. These
ﬁndings should help reﬁne current theories of adolescent
risk-taking.
4.3. Limitations and future directions
A potential limitation of this experiment is that the task
was relatively easy for all participants. This was an inten-
tional component of the experimental design intended to
eliminate confounds of age-related performance differ-
ences on brain activation. However, subsequent studies
may begin to test the effects of cognitive challenge on these
systems across development. It may be only when cogni-
tive resources are challenged, that age-related differences
in neural engagement are likely to emerge.
5. Conclusion
In this investigation we found that like adults, chil-
dren and adolescents exhibit better cognitive controlwhen
they are provided with a reward for good performance.
Across all age groups the improvement in cognitive control
appears to be facilitated by a shift to proactive cogni-
tive control. All participants demonstrated an increase
in sustained brain activation within the cognitive con-
trol network, including the right lateral PFC. These results
were in contrast to our hypothesis. We expected to see a
different pattern of brain activation in adolescents, given
tal Cogn42 N.M. Strang, S.D. Pollak / Developmen
the dual-systems perspective (Somerville and Casey, 2010;
Steinberg, 2010),which suggests that adolescence is a tran-
sition period where the interaction between reward and
cognitive control systems may be disrupted. In light of
the results of our investigation, current theories of ado-
lescent risk-taking should be reﬁned to reﬂect that the
disruption between reward and cognitive control systems
is not apparent in all contexts, and reward can promote
better cognitive control in adolescents. Reward-facilitated
improvement of cognitive control, through an increase in
sustained brain activationwithin the cognitive control net-
work, is a process that appears to be continuous across
development, from childhood to early adulthood. These
ﬁndingswill help researchers to reﬁne theories on the neu-
robiological underpinnings of developmental changes in
risk-taking. Identifying these neural mechanisms is a criti-
cal step in understanding and developing interventions for
dangerous, risky behavior often exhibited by adolescents.
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